Polyhexamethylene biguanide hydrochloride (PHMB-HCl, Fig.  1 ) is an antiseptics similar to chlorohexidine hydrochloride with a biguanide group. Biguanide polyelectrolyte is widely used in personal-care products for cosmetics, toiletries, and contact-lens detergents because of low mammalian toxicities.
Other applications are for sanitizers in swimming pools, for disinfectants in food-product factories, and for antibacterial agents in textiles. Determining the purity of PHMB-HCl, however, is difficult as well as other polyelectrolytes. Weyland and Wagstaffe 1 provided an analytical report giving estimated purities for 47 cosmetic preservatives as reference materials through to a project of the BCR Program (Community Bureau of Reference, Commission of the European Communities). Among their materials, PHMB-HCl was one of which gave no data for purity, although the acid-base titration in a non-aqueous solvent and Kjeldahl titration, HPLC, IR, and GC-MS were used. The problem pointed out was based on the general nature of polyelectrolyte; PHMB-HCl was only available as an aqueous solution and a mixture of polymers of different chain length, and was insufficient as a primary standard.
In general, the purity for a polyelectrolyte is ambiguous, and the definition of purity depends upon the measurement method. For instance, when liquid chromatography is used, monomers (raw material) and polymers are separated, and the purity is represented by the ratio of each peak area in the chromatogram. As a special case, if a chiral column is used, the optical purity can be measured. When acid-base titration is carried out, the purity is represented by the amount of acid and/or base groups in the polyelectrolyte. Various definitions of purity for polymers are based upon some chemical properties: molecularweight distribution, tacticity, regularity of the substituted or characteristic group, and the coexistence of some impurity, such as remaining a catalyst. For PHMB-HCl, however, an effective concentration as a disinfectant is significant, and biguanide as an active principle is a serious substance. Therefore, the concentration of biguanide groups is suitable for an effective concentration of PHMB-HCl.
In this paper several titrimetric methods were examined to determine the concentration of biguanide groups in PHMB-HCl. According to Pharmacopoeia of Japan, 2 the amount of biguanide groups can be determined by non-aqueous titration. However, the titration left something to be desired for the determination of biguanide in PHMB-HCl. The solvent that dissolved PHMBHCl was limited. The non-aqueous titration value at formic acid, which was a suitable solvent, indicated only a base amount of biguanide groups. Since the base amount was much smaller than that of the formula weight of PHMB-HCl (Fig. 1) , the acid amount of biguanide groups was required. The amount of chloride for its HCl could be determined by argentometric titration. Therefore, the summation of the non-aqueous titration value and the argentometric titration value indicates the biguanide amount of PHMB-HCl, based on the condition of no salts and acids, except for PHMB and HCl. The entire amount of nitrogen of PHMB-HCl was determined by the Kjeldahl method. According to the formula weight, the biguanide amount can be evaluated from the result of the Kjeldahl method. Charged groups of polycation, such as PHMB-HCl, can be determined by colloidal titration. [3] [4] [5] [6] [7] Colloidal titration was applied to determine the concentration of biguanide groups of PHMB-HCl. All results of titrimetric methods were discussed The biguanide concentration of polyhexamethylene biguanide hydrochloride (PHMB-HCl) was measured by non-aqueous titration with HClO4, argentometric titration, the Kjeldhal method, and colloidal titration. The summation value of nonaqueous titration and argentometric titration corresponded to two titrable nitrogens in five nitrogens per one unit of PHMB-HCl, and consisted with the result of the Kjeldhal method to the five nitrogens. The colloidal titration of PHMBHCl at pH 2.05 was equal to that with the two nitrogens. The relative standard deviations of non-aqueous titration, argentometric titration, the Kjeldhal method, and colloidal titration were 0.50% for 8 runs, 0.13% for 7 runs, 3.61% for 6 runs, and 0.69% for 6 runs, respectively. comprehensively.
Experimental
Reagents PHMB-HCl was a 20% solution obtained from Avecia. As the titrant for non-aqueous titration, 0.1 mol dm -3 (M) HClO4 in glacial acetic acid was prepared by adding 5.5 cm 3 of 60% perchloric acid, an adequate amount of acetic anhydride to the hydrolysis amount of water, and glacial acetic acid to 500 cm 3 . Then, 0.1 M HClO4 was allowed to stand for 1 day. The concentration of 0.1 M HClO4 was determined by hydrogen potassium phthalate that was dried at 105˚C for 4 h, using nonaqueous potentiometric titration. 8 Then, 0.025 M H2SO4 of Kjeldahl titration was determined with 0.1 M NaOH standardized by sulfamic acid; 0.05 M AgNO3 of argentometric titration was standardized by sodium chloride.
As the standardized titrant for colloidal titration, 2.5 m equiv. mol dm -3 potassium poly(vinyl sulfate) (PVSK) was obtained from Wako Pure Chemical Industries, Ltd. Other reagents used were of guaranteed reagent grade.
Procedure Non-aqueous titration for the concentration of base in PHMB-
HCl. One gram of 20% PHMB-HCl was weighted and dried at 120˚C over a 6-h period. A dried sample was dissolved into 20 cm 3 of formic acid over night. The formic acid solution was titrated with 0.1 M HClO4, using a glass pH meter (a TOA IM-40S ion meter with a GST-5211C combination glass electrode (TOA Electronics Ltd., Tokyo)). The end-point was found by a drawing method. First, two parallel tangent lines with a slope of 45˚ to the titration curve were drawn before and after a large potential change. Next, a third parallel line was drawn at the same distance from the two parallel lines. The intersection between the titration curve and the third parallel line was the end-point. Argentometric titration for the concentration of chloride ion in PHMB-HCl. A half gram of 20% PHMB-HCl was weighted, and dissolved in water, and 1 cm 3 of conc. HNO3 was added. The solution was titrated with 0.05 M AgNO3, also using a TOA IM-40S ion meter. The working electrode was a chloride ionselective electrode (TOA CL-125B), and the reference electrode was a double junction-type Ag/AgCl electrode (TOA HS-305DS) having a saturated KCl solution as an inner solution and a 0.1 M KNO3 solution as an outer solution connecting with the sample solution. The outer solution was replaced on each titration. The end-point was obtained at the maximum of the differential titration curve.
Kjeldahl method for the concentration of nitrogen in PHMB-
HCl. The Kjeldahl method was performed by a conventional way. 9 One gram of 20% PHMB-HCl was weighted and decomposed in 5 cm 3 of conc. H2SO4 and 5 g of K2SO4 by heating. Heating continued for more than one more hour after having become a clear solution.
Using the Kjelddahl equipment, NH3 gas, which was generated by adding 30 cm 3 of 30% NaOH into the decomposed solution, was delivered by steamed distillation to 50 cm 3 
Results and Discussion

Non-aqueous titration
According to Pharmacopoeia of Japan, 2 the determination for chlorohexidine hydrochloride as a similar biguanide reagent was carried out by non-aqueous titration. Therefore, quite the same procedure as non-aqueous titration was applied to determine the biguanide concentration of PHMB-HCl. When acetic anhydride was added after being dissolved with formic acid, however, the PHMB solution formed a white precipitate. Acetic anhydride is a useful solvent for determining organic amines by potentiometric non-aqueous titration because of an increasing potential difference at the end-point. 10 We investigated the solvent ratio of acetic anhydride to formic acid in a sample solution. The formic acid solution containing 50 v/v% acetic anhydride apparently dissolved PHMB-HCl, while a precipitate appeared during titration, and the titration value was very small. Moreover, for a 25 v/v% acetic anhydride solution, no precipitation was observed during or after the titration, nevertheless, the titration value was smaller than that of only formic acid. Possibly, acetic anhydride may not donate a proton to PHMB, and the charge of PHMB decreases with adding acetic anhydride. Thus, un-charged PHMB is never dissolved as well as other polyelectrolytes. After all, any addition of acetic anhydride to a sample solution was abandoned. Figure 2A shows a potentiometric titration curve of PHMBHCl with HClO4 in a non-aqueous solution. The titration curve is a typical potentiometric curve of S shape. However, the differential curve in Fig. 2B does not clearly show the endpoint. Then, the end-point was determined by a drawing method, as mentioned in the procedure. HCl. The addition of HCl shifted the position of the end-point to the direction of decreasing amount of titrable base in PHMBHCl. On the other hand, the addition of NaCl did not shift the position of the end-point, although the potential jump at the end-point decreased with the concentration of the salt. Thus, the potentiometric titration value depends upon the coexistent amount of HCl.
Argentometric titration
The amount of chloride ion can be determined by argentometric titration. Figure 3A shows a potentiometric titration curve with silver nitrate in a 0.28 M nitric acid solution, using a silver ion sensor. The potential jump of the titration curve is larger than that of non-aqueous titration at the endpoint. The end-point was determined by a differential curve in Fig. 3B . The titration result showed excellent reproducibility, R.S.D.= 0.13% (7 runs). The titration amount of 0.943 mequiv. mol g -1 was larger than the formula weight of Fig. 1 . Other chloride salts, such as NaCl and KCl, and other acids, except for HCl, were absent in PHMB-HCl based on the synthesis condition. The counter cation of chloride ion is the only titrable biguanide. Therefore, the summation value of non-aqueous titration and argentometric titration, 1.720 mequiv. mol g -1 , indicates the amount of titrable groups of PHMB-HCl.
Kjeldahl method
The amount of nitrogen can be determined by the Kjeldahl method. PHMB-HCl has five nitrogens per one unit of PHMBHCl as the formula weight of Fig. 1 . The concentration of nitrogens for the PHMB-HCl was 4.40 mequiv. mol g -1 , within errors of R.S.D. = 3.61% (6 runs). When the value compares with the result of non-aqueous titration and argentometric titration, two parts of five nitrogens are equal to titrable nitrogen. The calculated amount for two nitrogens, 1.76 mequiv. mol g -1 , agrees with the summation, 1.720 mequiv. mol g -1 . The low reproducibility compared with other two titrations depends on the yield of the heating decomposition.
Colloidal titration
The principle of colloidal titration is that polycation quantitatively reacts with polyanion.
Although strong polycation or strong polyanion is independent of the pH, the positive charges of weak polycation decrease with increasing pH. In order to determine weak polycation, a low pH is required. The amount of positive charges at a given pH is monitored by a so-called colloidal titration curve, 11 which is plots of the pH vs. equivalent amount of titrant to the end-point. It is a significant figure that displays the stoichiometry of the titration. 12, 13 Figure 4 shows the colloidal titration curve of PHMB-HCl. The end-point was determined by the color change from blue to radish purple at 2 < pH < 5. A color change was hardly detected at pH > 5. At such a high pH, the end-points were determined by the coagulation of precipitation of the polyelectrolyte complex. The colloidal titration curve of weak polycation reflects the pH titration curve of itself. 11 However, the colloidal value does not necessarily agree with net charge of weak polycation on each pH, because the colloidal titration curve depends upon the association constant with PVSK and the dissociation constant of a weak polycation. The strong association of a weak polycation with PVSK increases the apparent dissociation constant of the weak polycation, particularly, at low ionic strength. 14, 15 Therefore the colloidal titration value is used at the condition at which all of the charged groups are ionized.
The colloidal titration curve is almost constant near to pH 2, as can be seen in Fig. 4 . In such a low-pH region, most of biguanide groups can be ionized. At pH 2.05 of a HCl solution, the titration value was 1.708 mequiv. mol g -1 (R.S.D.= 0.69%, 6 runs). The titration value at pH 1.15 was 1.739 mequiv. mol g -1 (R.S.D.=1.40%, 6 runs). These values agree with the total value of non-aqueous titration and argentometric titration within the errors. The determination of the end-point at pH 1.15 was decided by changing to a dark-blue color. Since there were high concentrations of protons and chloride ions at such a pH, the color did not change to radish purple. The end-point of colloidal titration is not clear at a high concentration of salt. 5, 16 The end-point was decided by a discontinuous color change, but never by comparing blank titration. Such a comparative way using blank titration made the titration value to increase.
The agreement with the results of other titrations also indicated that oligomers of low polymerization degree were absent in the measured PHMB-HCl, because the low origomers could not contribute to the colloidal titration value. According to a study of polyelectrolyte complex between poly(methacrylic acid) and quaternized alkylamines, 17 the magnitude of the stability constant was drastically changed in the range of tetra- or pentaoligomer of the alkylamine. As the result of colloidal titration of chitosan with Toluidine Blue, 18 the chitosan tetramer was a critical unit, because chitosan oligomers larger than tetramer can contribute to the colloidal titration value. Possibly, a similar critical unit may be applied to the colloidal titration of PHMB-HCl with Toluidine Blue. The lack of such low oligomers and monomer in PHMB-HCl is indispensable for a contact-lens detergent and swimming pool sanitizer maintained at low mammalian toxicities.
Conclusions
The amount of hydrochloric acid contained in PHMB-HCl disagreed with the formula weight. Each titration of nonaqueous acid-base titration, or argentometric titration, could not show the concentration of the biguanide group in PHMB-HCl. The determination of the precise concentration of PHMB-HCl by non-aqueous titration is revised by caring out argentometric titration on the condition of no salts and acids, except for PHMB and HCl. In contrast with non-aqueous titration, colloidal titration is advantageous to small amount required, independent of the co-existence of small ions, and be free from a harmful solvent, such as formic acid. In addition, the colloidal titration of PHMB-HCl on the condition of a low pH showed the concentration of biguanide group in PHMB-HCl without any revisions. The method is useful for determining weak base groups in polyeletctrolyte as well as chitosan. 17 
